Model prodrugs of resveratrol carrying protecting substituents at the hydroxyls have been synthesised and tested. Resveratrol triacetate and resveratroltri-mPEG 1900 were formed by linking methyl groups or poly(ethylene glycol) chains, respectively, via carboxyester bonds. Resveratrol trimesylate, a molecule less susceptible to hydrolytic attack, was synthesised as well. This latter compound proved to be stable in vitro, while the carboxyester derivatives were slowly hydrolysed in solutions mimicking the gastric or intestinal environment, and rapidly converted to resveratrol in blood. In ex vivo permeation experiments with explanted intestinal segments, resveratrol and its triacetate derivative appeared in the basolateral compartment essentially as a mixture of Phase II metabolites. When the PEGylated derivative was provided on the apical side, unconjugated resveratrol accounted for about 50% of the compounds in the basolateral-side chamber. The same result was obtained by providing an equivalent physical mixture of resveratrol and PEG polymer, indicating that this behaviour is likely due to an adjuvating effect of PEG rather than to the covalent polymer conjugation. These observations suggest that the ester derivatives are rapidly hydrolysed at the intestinal surface or inside enterocytes, and are then processed as resveratrol. On the other hand, the mesylate was transported from the apical to the basolateral side without modification. It may thus be possible to enhance absorption and hinder metabolism of natural polyphenols by constructing pro-drugs incorporating bonds with appropriate resistance to enzymatic hydrolysis.
Introduction
Polyphenols are a huge family of natural compounds exhibiting a variety of biological activities. A vast literature documents effects of potential relevance for such major health-care endeavours as protection of the cardiovascular system [1] , improving performance impaired by old age or neurodegeneration [2, 3] , and prevention 558 and therapy of cancer [4, 5] . Several biochemical pathways underlying these effects have been identified (e.g.: cardio-and neurovascular protection [5, 6] ; neuroprotection and anti-aging [7, 8] ). Studies dealing with the mechanisms of the bioactivity of resveratrol, the model polyphenol used in the present work, have been summarised in recent reviews [8] [9] [10] [11] . The processes involved are by no means limited to the general chemical reactivity of polyphenols as anti-or pro-oxidants. Various members of the family are known to modulate signal-transducing proteins ranging from channels [12] to cyclooxygenases [13] . Effects on gene expression are important [8, 14] .
A few polyphenols display high affinity for proteins. For example, epigallocatechin gallate (EGCG) binds the laminin receptor with nM affinity [15] . In many other cases, however, potentially useful interactions are considerably weaker. For example the IC 50 for the inhibition of cyclooxygenases 1 and 2 by quercetin is around 5 µM [16] . Resveratrol and other polyphenols inhibit IkB kinase (IKK), thus reducing phosphorylation and degradation of IkB and downregulating NF-kB. IKK is half-inhibited at a concentration of resveratrol around 1 µM [17] . Relatively poor affinities constitute an obstacle to the utilization of these compounds, since their bioavailability is notoriously low [18] [19] [20] . Polyphenols such as quercetin and resveratrol can diffuse into enterocytes as aglycones, as shown by experiments with cultured cells. In vivo, they do the same after being generated from naturally occurring glycosides by the activity of glycosidases such as Lactase Phloridzin Hydrolase and Broad Specificity Glucosidase. Some evidence has been presented that they can be also taken up as glycosides, mainly via hexose carriers, to be then hydrolysed in the cytoplasm of enterocytes ( [21, 22] and references therein). There, polyphenols are rapidly converted by conjugating enzymes to metabolites that are re-exported, largely to the intestinal lumen, by ABC transporters such as P-glycoprotein. Liver sulfotransferases (SULTs) and glucuronosyltransferases (UGTs) intervene on the molecules which have entered the circulation. Only low concentrations (nM-µM) of polyphenols, mostly in the form of conjugates, are found in plasma and lymph even after a polyphenol-rich meal. At least two dozen different quercetin derivatives have been detected in human plasma [19] and resveratrol undergoes similar processing [23] [24] [25] .
"Detoxification" by conversion into sulfates and glucuronides entails faster elimination by the renal and biliary routes. The study of the properties and activities of metabolites is still in the initial phases (e.g.: [26] [27] [28] [29] [30] [31] [32] [33] [34] ), but it is clear that conjugation also determines at least a partial loss of bioefficacy. Since metabolites are present at much higher concentrations than the parent molecule, in some cases they may actually be more relevant than the latter in terms of biomedical activity. While these aspects remain to be investigated, a reduction or delay of phase II metabolism would allow progress in the exploitation of natural polyphenols. Furthermore, new, synthetic polyphenols are beginning to be explored as drugs (for resveratrol-inspired ones see, e.g., [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] ). They are certain to be affected by the same (or worse) bioavailability problems as the natural compounds.
One of the main strategies used to prevent drug metabolism and enhance bioavailability and effectiveness is based on the development of "prodrugs" by protecting the reactive sites with removable groups. "Capping" the hydroxyls with chemical structures less prone to hydrogen bond formation is also expected to decrease the wellknown tendency of these compounds to bind aspecifically to proteins, which decreases their effective concentration and slows their distribution in the organism.
We report here the synthesis of three prodrugs of resveratrol, in vitro stability studies and investigations of their absorption by explanted rat intestinal segments. Resveratrol was adopted as polyphenol model because of its remarkable biomedical properties, relative structural simplicity and stability. Among the various conceivable derivatives the peracetylated molecule was chosen as a representative carboxyester. Resveratrol triacetate has recently been reported to inhibit the proliferation of human colon adenocarcinoma cells [46] . With the intent of improving passage through the intestinal barrier we also produced a PEGylated derivative. "PEGylation" often leads to the improvement of drug absorption and pharmacokinetics [47] [48] [49] . PEG is non-toxic, non-antigenic and biocompatible, is rapidly eliminated from the body, is soluble both in water and many organic solvents and has pronounced solubilizing properties. It may also increase resistance to hydrolases and stability in the gastrointestinal tract. Also in this compound the polymeric chains were linked to the polyphenol kernel via carboxy ester bonding. To test an expectedly more stable type of chemical bond we also synthesised and tested per-methylsulfonated resveratrol. Little is known about the behaviour of sulfonates in biological systems; this group may be a potentially useful prodrug building block.
The various compounds were compared to resveratrol itself in experiments with explanted intestine segments to provide information on their relative efficiency and metabolic transformations in the specific step of permeation of the intestinal wall. To our knowledge, none of the previous studies with polyphenol prodrugs has dealt with the effects of the modifications on permeation of the intestinal epithelium (as distinct from overall bioavailability or permeation of cultured cell monolayers). Experiments involving ex vivo intestinal tissue have however proven useful in assessing mechanistic aspects of polyphenol absorption [19, [50] [51] [52] .
Materials and Methods

Materials and instrumentation
Starting materials and reagents were purchased from Aldrich, Fluka, Merck-Novabiochem, Riedel de Haen, J.T. Baker, Cambridge Isotope Laboratories Inc., Acros Organics, Carlo Erba and Prolabo, and were used as received. Carboxyl terminating monomethoxypoly(ethylene glycol) (mPEG-COOH) was synthesised in our laboratory according to the procedure reported elsewhere [53] . Briefly, 1.9 kDa PEG-OH was activated as p-nitrophenol ester and then reacted with glycin. PEG-COOH was purified by extraction in dichloromethane. Resveratrol metabolites (R-G and R-S) were synthesised as described in the literature [54] , and used as standards. C spectra were recorded with a Bruker AC 250F spectrometer. Chemical shifts (δ) are given in ppm relative to the signal of the solvent. TLCs were run on silica gel supported on plastic (Macherey-Nagel Polygram ® SIL G/UV 254 , silica thickness 0.2 mm), or on silica gel supported on glass (Fluka) (silica thickness 0.25 mm, granulometry 60Å, medium porosity) and visualised by UV detection. Flash chromatography was performed on silica gel (Macherey-Nagel 60, 230-400 mesh granulometry, 0.063-0.040 mm) under air pressure. The solvents were analytical or synthetic grade and were used without further purification. HPLC-UV analyses were performed by a Thermo Separation Products Inc. system with a P2000 Spectra System pump and a UV6000LP diode array detector (190-500 nm). LC-MS analyses and mass spectra were performed with a 1100 Series Agilent Technologies system, equipped with binary pump (G1312A) and MSD SL Trap mass spectrometer (G2445D SL) with ESI source.
Synthetic procedures 3,4',5-triacetyl-resveratrol (RTA).
Acetic anhydride (1.5 mL, 14.7 mmol, 16.7 eq) was added to a solution of resveratrol (200 mg, 0.88 mmol) in dry pyridine (0.5 mL), and the mixture was stirred at room temperature. After 40 min, a white solid was precipitated with ice-cold water. The precipitate was then filtered to afford 233.6 mg of the desired product (75% yield). mPEG 1900 -resveratrol (RmPEG) . DMAP (21.4 mg, 0.17 mmol, 2 eq), DCC (180.7 mg, 0.88 mmol, 10 eq) and resveratrol (20 mg, 0.09 mmol, previously dissolved in 100 µL DMF) were added to a solution of mPEG 1900 -COOH (1 g, 0.51 mmol, 5.8 eq) in CH 2 Cl 2 (1 mL). The mixture was stirred at room temperature in the dark for 2 days. The suspension was then filtered and a white solid was precipitated from the liquid phase with diethyl ether (15 mL). The solvent was decanted and the precipitation procedure repeated 3 more times. The precipitate was then dried and purified by gel filtration (Sephadex G-25 superfine, GE Healthcare) using water as eluent to afford 407 mg of product (40% yield). HPLC-UV analysis (see below) showed no free resveratrol in the final product, which consisted of mono-, diand tri-PEGylated resveratrol in an approximately 1:8:1 ratio. The overall PEG:resveratrol molar ratio was about 2 as determined through UV-Vis spectrometric analysis of 3 different solutions of known concentration (w/v) of the product. In these assays the resveratrol content in the solutions was determined by a calibration curve obtained by plotting the absorbance at 300 nm against resveratrol concentration. The PEG concentration was assessed by the iodine assay [55] using a calibration curve obtained by plotting the absorbance at 535 nm against PEG concentration in the range 2-5 µg/mL (y=0.0664x+0.001, R 2 =0.99).
3,4',5-trimesyl-resveratrol (RTM).
Methanesulfonyl chloride (2 mL, 25.8 mmol, 5.9 eq) was added to a solution of resveratrol (1 g, 4.38 mmol, 1 eq) in dry pyridine (5 mL). After stirring 3 h at 100 °C, the mixture was diluted in EtOAc (150 mL) and washed with 1 M HCl (3×100 mL). The organic layer was dried over MgSO 4 and filtered. The solvent was finally evaporated under reduced pressure, and the residue purified by flash chromatography using 8:1:1 CH 2 Cl 2 :petroleum ether:EtOAc v/v ratio as eluent, to afford 1.05 g of the desired product (88%, white solid). 
Solubility in water
Calibration curves were built by plotting absorbance at 320 nm vs concentration for seven standard resveratrol solutions in the 10 
Stability in gastric and intestinal environment
The chemical stability of the compounds was tested in aqueous media mimicking gastric (0.1 N HCl) and intestinal environment (0.1 M PBS buffer, pH 6.8). A 20 µM solution of compounds, made diluting stock solutions in DMSO, was incubated at 37°C for 6 hours. Samples were withdrawn at different reaction times and analysed by HPLC-UV (see below).
Stability in blood
Heparinised, EDTA-supplemented blood samples (1 mL) were spiked with 5 µM compound and incubated at 37°C for 1 hour. An internal standard was then added and the samples were extracted with organic solvents. The extracts were analysed by HPLC-UV (see below).
Permeation studies
Intestine was excised from 18 h fasted rats and transferred into a saline solution (154 mM NaCl in water) at 37°C. The jejunum was cut into 1 cm long strips, opened longitudinally, rinsed free of luminal content and mounted in Ussingtype chambers. Apical and basolateral compartments were filled with 1 mL of oxygenated Hepes buffer each (248 mM NaCl, 55.3 mM Glucose, 50 mM NaHCO 3 , 9.9 mM KCl, 1.9 mM MgSO 4 , 40 mM Hepes, pH 6.8), and incubated in a water bath at 37°C until all chambers were assembled. The buffer was then removed and substituted with 1 mL of a 20 µM solution of the compound to be tested in the same buffer on the apical side (dilution from a 0.2 mM stock solution in DMSO, 10% final DMSO), and with 1 mL of fresh Hepes buffer plus 10% DMSO on the basolateral one. In the controls, only Hepes buffer plus 10% DMSO was present on both sides. This relatively high content of DMSO was necessary to insure solubility of the sulfonate derivative, and was thus used in all three cases to allow a proper comparison. During the experiment, oxygen was continuously bubbled in each basolateral compartment. An aliquot of the initial apical solutions was incubated separately at 37°C for the period of the experiment, to verify the stability of each compound in the absence of jejunum. At the end of the experiment (2.5 h) 800 µL of chamber contents on both apical and basolateral sides were collected and mixed with 8 µL of 100 mM ascorbic acid in water and 8 µL of 6 M acetic acid. All samples were frozen and maintained at -20°C until HPLC-UV analysis as described below.
The experiments were performed with the permission and supervision of the University of Padova Central Veterinary Service, which acts as Institutional Animal Care and Use Committee and certifies compliance with Italian Law DL 116/92, embodying UE Directive 86/609.
HPLC-UV analysis
Samples (20 µL) were analyzed using a reversed-phase column (Synergi-MAX, 4 μm, 150 x 4.6 mm i.d.; Phenomenex). Solvents A and B were 0.1% TFA supplemented H 2 O and CH 3 CN, respectively. The gradient for B was as follows: 10% for 2 min, from 10% to 35% in 20 min, then from 35% to 100% in 20 min; the flow rate was 1 mL/min. The eluate was monitored at 320 nm. Since absorption coefficients ε 320 of resveratrol and resveratrol derivatives are very similar, for quantification purposes we assumed the same absorption coefficient ε 320 of resveratrol also for hydrolysis products and resveratrol metabolites. Results were expressed as percentages, where the total amounts of recovered compounds represent 100%.
LC-ESI/MS analysis
Before LC-MS analysis, samples were further concentrated under vacuum (about 10 ×) and analyzed using the same column, solvents and gradient profile used for HPLC-UV analyses. LC-ESI/MS analyses and mass spectra were performed with a 1100 Series Agilent Technologies system, equipped with binary pump (G1312A) and MSD SL Trap mass spectrometer (G2445D SL) with ESI source operating in full-scan mode in both positive and negative ion mode.
Statistics
Data are presented as means ± standard deviation. Experiments were performed at least in triplicate. Statistical data analyses were performed using Student's t-test with p<0.1 as a minimal level of significance, using the software Origin 7.5 (OriginLab, Northampton, MA, USA).
Results
Syntheses
The new resveratrol derivatives RTA, RmPEG and RTM were synthesised from resveratrol as shown in Scheme 1. Details about synthetic procedures, product purification and characterisation are provided in the Experimental Section. 
Solubility in water
The solubility in water of the new derivatives differs markedly depending on the protecting group. While both RTA and RTM turned out to be poorly soluble (≤ 2 µM), the PEGylated compound is highly soluble, and saturation was not reached even dissolving 400 mg in 1 mL water (> 70 mM).
Stability in gastric and intestinal-like environment
All three compounds proved to be sufficiently stable over a 6 h period, both in gastric and intestinal environment-mimicking solutions (0.1 N HCl and 0.1 M PBS at pH 6.8, respectively). RTM was stable throughout the experimental period, while RTA and RmPEG underwent slow hydrolysis of the ester bonds, with up to 20% loss of the starting compound in 6 h (Fig.1) . Over this period, RmPEG hydrolysis regenerated resveratrol, while RTA hydrolysis produced intermediate products (di-and monoacetylated derivatives).
Stability in blood
Stability studies showed that complete hydrolysis of both resveratrol carboxyesters (RTA and RmPEG) occurred over 1 hour incubation in whole blood at 37°C, with resveratrol being the unique final released product. The sulfonyl derivative RTM, on the contrary, was stable.
Intestinal wall permeability
The susceptibility to hydrolysis of the carboxyesters might constitute an advantage, allowing regeneration of the parent compound. However, rapid in vivo hydrolysis may reflect in metabolism during absorption. To investigate this point, the epithelial absorption of the compounds was examined in ex vivo intestinal wall permeation assays using segments of excised rat jejunum mounted in Ussing chambers. This experimental system allows the study of transepithelial transport separately from processes taking place in vivo in the intestinal lumen, blood, or liver. The results show that the powerful hydrolytic and conjugation enzyme activities, namely esterases and glucoronyl and sulphate transferases, associated with the intestinal membrane have strong effects on the derivative stability and metabolism. RTA and RmPEG were completely hydrolysed within 2.5 hours. The process is certainly due to enzymatic activities, since only a small amount of hydrolysis products were formed upon parallel incubation of the derivatives under the same conditions but without the intestine. Analyses of the contents of the basolateral compartments (Fig. 2) confirmed that resveratrol (i.e. the reference compound) is mainly metabolised into glucuronosyl-and sulphate-derivatives during passage across the intestinal wall. RTA produced a similar mix of basolateral resveratrol derivatives, whereas the PEGylated derivative yielded a significant amount of non-metabolised resveratrol on the basolateral side. An analogous transfer of unmetabolised resveratrol was observed when the apical-side chamber was loaded with a physical resveratrol/mPEG 1900 mixture at the same concentration of the two components as used in the conjugate experiment (Fig. 3) . In contrast RTM crossed the intestine as such (Fig. 2) .
Discussion
The resveratrol conjugates investigated in this study (acetylated, PEGylated and mesylated resveratrol) constitute a new set of derivatives intended to explore the feasibility of the pro-drug approach to improve polyphenol absorption and efficacy [56] .
Bond stability represents a key parameter for the preparation of effective prodrugs. A desirable property of ester-based protecting groups is that they can be removed by esterases at the action site. For example, in acetylsalycilic acid (aspirin), in which the leaving group is formally a phenoxy anion, the ester bond is stable enough for the molecule to reach cycloxygenase and inhibit the enzyme by transferring the acetyl group to a specific serine. The resistance of the ester to hydrolysis is, in general, expected to be an inverse function of the stability of the products, i.e. mainly of the phenoxide anion leaving group. Polyphenols in which the negative charge of the deprotonated form is more widely delocalised by resonance are expected to be better leaving groups, and their ester derivatives are expected to be more fragile.
Ester precursors intended to improve bioavailability and/or stability have been obtained with several drugs bearing alcoholic or phenolic hydroxyls and with a few polyphenols [57] [58] [59] [60] [61] . These derivatives have been tested so far mainly on cultured cells, but peracetylated EGCG administered by intraperitoneal injection has been reported to be more effective than EGCG itself against human prostate [60] and breast [62] cancers implanted in SCID mice. In our own work, quercetin aminoacyl derivatives showed an increased protection against metabolism by epithelial cell monolayers [56] .
Among the several other chemical groups that may be considered for a protective role we tested a different class of esters, namely those of sulfonic acids, using the mesylate as the representative specie. It may be worthwhile to clarify that the type of derivatives we considered are unlikely to be toxic. Alkylsulfonates (RSO 2 O-CH 2 R') are known genotoxic agents: the methylsulfonate group can be easily displaced by a nucleophile (such as a DNA base) to produce RSO 3 -and the alkylated nucleophile. However, in the case of aromatic sulphonates, such as our resveratrol derivative, an analogous reaction cannot take place. Neither displacement of the mesylate group by nucleophilic attack at an aromatic carbon nor substitution at the S-linked carbon are expected to occur under the conditions prevailing in living organisms. The only type of reaction that one might expect is the desired one: (enzyme-catalysed) hydrolysis to regenerate the phenolic component and RSO 3 H.
The PEGylated derivatives were designed to improve both solubility and stability of resveratrol and to enhance its oral bioavailability. PEGylation of low molecular weight molecules has indeed been developed to tune biopharmaceutical and pharmacokinetic properties of drugs whose performance, clinical efficacy, and market potential are substantially limited by their poor oral Biasutto/Marotta/Mattarei/Beltramello/Caliceti/Salmaso/BernkopSchnürch/Garbisa/Zoratti/Paradisi bioavailability, solubility, half-life, or immediate clearance by first-pass metabolism [63] . Actually, small PEGs can easily penetrate the epithelial barrier and a few studies have demonstrated that conjugation of small PEGs yields derivatives with enhanced trans-membrane penetration properties [63] [64] [65] . Accordingly, 1.9 kDa PEG was activated to produce a reversible PEG-resveratrol ester prodrug suitable for oral delivery. The product had an average substitution ratio of two PEG polymers per resveratrol molecule, which represented a compromise between the requisite for hydroxyl protection and solubilisation on one side and bulkiness on the other. The presence of a fraction of monosubstituted resveratrol explains why free resveratrol was produced by the PEGylated product, but not by RTA, in stability tests (Fig. 1) .
The experiments reported here show that rat intestine possesses powerful carboxyesterase and conjugation enzyme activity involved in resveratrol and resveratrol derivative metabolism. In 2.5 hours, 64 mm 2 of apical intestinal surface were able to convert 100% of the carboxyesters supplied (20 nmoles) to the unsubstituted parental resveratrol. This activity readily accounts for the similarity of the transepithelial transport data obtained with RTA and RmPEG, which may well have acted only as a source of resveratrol. A first conclusion is therefore that acetylated resveratrol derivatives (and presumably other polyphenols with extensive charge delocalisation) have little chance of constituting a significant improvement over the parent polyphenol if administered orally. Due to the limited stability in blood, these derivatives seem to be not suitable for intravenous administration either.
A further observation is that PEGylation enhances resveratrol bioavailability, but this effect can be obtained by co-administration of PEG and unmodified polyphenol at the luminal side, indicating that the polymer can by itself play a role in the biotransport of this compound. The PEG effect may be interpreted in terms of the influx/efflux mechanisms involved in the transport of the drug. Resveratrol is known to cross biomembranes either passively or by exploiting active transporters [66] and to undergo efflux transport mediated exocytosis involving MRP transporters located in intestinal enterocytes [67, 68] . Although PEG-resveratrol is expected to undergo passive transmembrane diffusion, the data obtained in the present study show that PEGyated resveratrol is at least partially hydrolysed to the parent molecule by esterases. Since PEG is known to interfere with a variety of efflux mechanisms involved in drug clearance, including MRP-mediated transport, it seems reasonable to conclude that the enhanced resveratrol permeation may be due to MRP-mediated efflux inhibition by the polymer [69, 70] .
Methanesulfonates join ethers as a potentially useful class of polyphenol derivatives capable of escaping early metabolism. Permethylethers of polyphenols have already been considered as possible prodrugs and pharmacological agents [71, 72] . Methanesulfonates may thus be useful in pathological contexts, leading to the creation of new molecules with their own, possibly advantageous, properties.
Our results indicate however that to develop prodrugs in the traditional sense it will be necessary to identify a type of protecting group based on a bond with considerable, but not indefinite, resistance to enzymatic hydrolysis in vivo. They thus identify the goals and directions of future studies in this sector. The bioavailability of new compounds being developed with the intention of building on the biomedical effectiveness of natural compounds ought to be tested at an early stage, and the stability of any prodrugs should be verified in a physiologically relevant environment. PEG chains may well be one of most promising substituents to be tested once the opportune bond type is identified. 
